PACS. 74.60.Ec -Mixed state, critical fields, and surface sheath.
Introduction. -The edge/surface barrier effect on transport properties of type-two superconductors is at present under extensive investigation. The essential barrier influence on superconductor resistivity, that arises due to thermoactivative barrier overcoming, was recently demonstrated in [1, 2] on Bi-based single crystals with high demagnetization factor. The importance of surface barrier (SB) for a wide range of materials (including low-T c superconductors [3] ) in affecting the transport as well as the magnetic properties of superconductors is at present widely recognized. The interplay between the barrier and bulk pinning being responsible for the emergence of the nontrivial magnetic flux structures in an external magnetic field [4, 5] or in a transport-current-carry state [6, 7] to a great extent determines both magnetic and resistive characteristics of low-dimensional superconductors.
Some progress in describing magnetization features of superconducting samples with a reduced dimensionality (thin-film or single-crystalline sample with high demagnetization) is due to a highly developed technique employed to solve the corresponding integral equations [4, 6] . However, the essentially long-range intervortex repulsion complicates significantly the theoretical investigation of the transport properties of superconductors with a high demagnetization factor. Therefore it is highly desirable to formulate an exactly solvable model of the critical/resistive state in thin-film superconductors, which accounts for major irreversibility mechanisms (edge barrier and bulk pinning).
In the present letter we provide first a self-consistent consideration of the combined influence of the edge barrier and bulk pinning on the field dependence of the critical current, the shape of the current-voltage characteristics (CVC) and the magnetoresistance of thin narrow superconducting films.
Model and equations. -Let us consider a thin-film strip of width w (−w/2 ≤ y ≤ w/2) and of thickness
, λ being the London penetration depth), placed in a magnetic field H = (0, 0, H). We assume that the current flows in the positive direction of the x-axis. A transport current I exceeding the critical one I c (H) : I > I c (H) induces vortex motion across the film along the y-axis. In accordance with the advanced flux-flow model, which accounts for the bulk pinning effect [8] , when the Lorentz force exceeds the pinning force, a steady motion of the flux lines is characterized by the velocity V :
where i is the sheet current density (i p = i p (H) being the depinning current density), Φ 0 is the flux quantum, η is the viscous-drag coefficient, c is the velocity of light. In what follows we assume that i p i s , where
is the pair-breaking current density [9] and ξ is the coherence length. The directed motion of the vortex ensemble of average density n produces an electric field E = nΦ 0 V /c. From the above equations the vortex density in the hydrodynamic approximation is expressed as
The distribution of the sheet current density i(y) in the resistive state is described by the generalized London equation [8, 10] . For a narrow film (ξ w ≤ λ ⊥ ) this equation reads
where n(i) is given by eq. (2) and q is a dimensionless vector potential, measured in units of A c = Φ 0 /2πξ. Taking into account the Ginzburg-Landau (GL)-type nonlinearity [8] , we find
where α = 2πλ ⊥ /c. To specify the model, some additional conditions should be formulated, which result from the edge barrier concept and reflect the validity of the hydrodynamic approach in the mixed state.
i) As is generally accepted [4] [5] [6] [7] [8] , vortices penetrate into the film when the current density at the edge reaches the depairing threshold i s ; physically, this corresponds to the edge barrier suppression for the vortex entry. In our geometry the vortices enter into the film from one side only (i.e. at y = w/2); therefore the boundary condition i(y = w/2) = i s or, equivalently, q(y = w/2) = −1/ √ 3 will be used. ii) In what follows we consider the field range H H , where H = 0.25πΦ 0 /w 2 denotes the vortex stability margin, below which vortices cannot exist inside a narrow film [11] . Fortunately, the hydrodynamic description, which requires nw 2 1, is valid for the same field range (see below); this circumstance makes it possible to neglect the field H in further consideration.
To find the critical current and I-V characteristics, we multiply eq. (3) by (i − i p ) and then integrate over the width of the film. This gives
where k = c 2 ηdE/Φ 0 and q(−w/2) is determined by the equation
following from eqs. (2)- (4); here
Expressions (5) and (6) are the key result of this letter since they allow to find, in principle, the shape of the current-voltage characteristics of a film in an external field H for arbitrary field dependence of the depinning current density i p (H).
Field-dependent critical current. -Notice that if I = I c (H), then E = 0. By taking k = 0 in eq. (6), one finds readily the expression for the field H * , at which the mixed state in a film starts to emerge [11] :
here q p satisfies the equation i(q p ) = i p (see eq. (4)). At sufficiently low magnetic field 0 ≤ H ≤ H * for current I < I c (H) (and I ≈ I c (H)) the current density i(y) exceeds the depinning current density i p (H) everywhere inside the film; thus, the film is in the Meissner state. From eqs. (5)-(7) the critical current I c , which determines the transition threshold of the film to the resistive state at H < H * , is expressed as
where h = πξwH/Φ 0 . We should emphasize that a nontrivial (quadratic) dependence I c (H) at h 1 is due to the GL nonlinearity effect, which is more pronounced at lower field range, where the critical current density across the sample i c (y) is almost uniform and close to i s [12] . In a conventional London approach (that neglects the GL nonlinearity and assumes i(y) = −A c q/α), I c (H) is a linear function of the applied magnetic field H [11] . Note that a dome-like dependence I c (H) was obtained numerically by Aranson et al. [13] , in the course of the stability analysis of the Meissner state in a current-carrying pin-free narrow film within the framework of time-dependent GL theory. It is worth noting here that the nonlinear behaviour of the function I c (H), qualitatively similar to eq. (8) in a low-field region, has been reported for bulk YBCO samples in refs. [14, 15] .
In the field range H * < H < H c2 the film transfers to the resistive state being already in the mixed state (for a pin-free film this situation was described earlier by [10, 11] ). Correspondingly, the critical current line I c (H) that separates in the I-H plane the static mixed state and the dynamic mixed state is expressed by the equation (for H * ≤ H < H c2 )
The dependence of the critical current on the magnetic field I c (H), given by eqs. (8) and (9) in the whole field range, is shown in fig. 1 . For clarity different domains in the I-H plane (9), obviously, do not support this assumption. We should emphasize that the interference of bulk-pinning and edge-barrier contributions to the total critical current is a general feature of the resistive state that takes place even in London approximation. Indeed, it is not difficult to show that in the London limit (q p 1) eq. (9) takes the form
that cannot be treated as a superposition of I ). The critical current (9) exhibits quite a complex dependence upon the magnetic field because in the general case the depinning current density is a field-dependent quantity: i p = i p (H). For a pin-free film (i p = 0) we find from (9)
where
H s being the first-vortex entry field into a narrow film. In the linear GL theory the dependence (11) qualitatively coincides with the universal I c ∼ H −1 behaviour obtained for narrow films [11] as well as for wide strips with both Bean-Livingston [16] and geometrical [7] barrier, respectively. Moreover, considering the realistic depinning mechanism i p = i p (H), which is characterized by a strong pinning suppression (i p → 0) for large enough values of the magnetic field (for example, in the Kim model i p ∼ H −1 ), we find that I c (H) is determined mainly by eq. (11) as well. Thus, for the film with an edge barrier the effect of bulk pinning on the critical current is more pronounced in the intermediate range of the magnetic field.
Paltiel et al. [3] have studied the critical current in clean platelet crystals 2H-NbSe 2 . They have cleary shown that the measured critical current is determined by that due to the surface barrier rather than by the bulk critical current. To our knowledge, there is only one experimental study by Andrackii et al. [17] in which the destruction conditions of superconducting state by a transport current in thin (400-800Å) narrow (1-2 µm) Sn films have been thoroughly investigated. A direct comparision reveals quite reasonable agreement between experimentally determined I c (H) [17] and the present theory. More detailed comparison of our theory and experiment [17] will be given elsewhere. (10) the slope of the initial part of the E-I curves decreases with the increase of the field in the region H < H * . Note that as the magnetic field decreases the effect of the bulk pinning intensity on the shape of the CVC becomes insignificant. This follows from the fact that in the low-field region the total current I is of the order of depairing current I c (0) (see fig. 1 ); therefore the depinning current density, being much lower than the current density everywhere inside the film (i p i s ), produces a negligible effect on the CVC. Below we indicate the main features of the resistive state in a narrow superconducting film. i) The analysis of eqs. (2)- (4) shows that unlike in the wide film case vortices can enter into a narrow film only from one side (at y = w/2), since i(w/2) = i s and i(−w/2) < i s . Physically it means that vortices of opposite sign (antivortices) do not enter into the film. Therefore the annihilation mechanism of the resistive transition is not effective in narrow films.
ii) For H = 0 and I = I c (0), one finds that i(y) is equal to i s everywhere inside the film. If we increase the current I > I c (0), a film may pass either directly into the normal state or through the resistive state controlled by the formation of the phase-slip lines [18] . The choice of the realistic scenario of the film transfer to the normal state is outside the scope of our model. Possibly there is a line I =Ĩ(H) in the I-H plane, separating different regimes of a) phase-slipping-mediated and b) vortex-flow-controlled transition to the normal state.
iii) The differential resistivity ρ d (H) = dw(dE/dI)| I=Ic(H) of the initial section of the current-voltage curve is a decreasing function of H if a transition to the resistive state occurs directly from the Meissner state (H ≤ H * ; see fig. 3 ). Thus, the magnetoresistance of a superconductor in this field range is negative. In particular, for sufficiently low values of H we obtain
is the normal-state resistivity, H c2 = Φ 0 /(2πξ 2 ). In the range of field and current H * < H < H c2 , I > I c (H) (see eq. (9)) the film passes into the resistive state directly from the mixed state. In this case that coincides with the conventional Bardeen-Stephen relation. The dependence ρ d (H) is shown in fig. 3 for i p = 0 and i p = 0.1i s . Note that expression (13) derived within the hydrodynamic approximation becomes invalid in the low-field limit when the average intervortex distance, which is proportional to n −1/2 , becomes comparable with the width of a film (i.e., at fields H < 2Φ 0 /w 2 ). These estimates show that the film should be wide enough to exhibit the negative-magnetoresistance phenomenon: w > 2Φ 0 /H * , where the field H * is determined by eqs. (4) and (7). In particular, for i p = 0 this condition reduces to w > 2(3π 2 ) 1/4 ξ. It is quite instructive to compare our result (13) for a narrow film (w ≤ λ ⊥ ) with the analogous expression for a wide film (w λ ⊥ ). In the absence of a bulk pinning, it is not difficult to show that for the latter case
where H s = Φ 0 /(2πξ √ wλ ⊥ ) is the first-vortex entry field for a wide film. Thus, the magnetoresistance of a wide film is also negative provided a transition to the resistive state occurs from the Meissner state (H < H * ). It is reasonable to expect that the negative-magnetoresistance phenomenon is a generic low-field feature of type-II superconductors which can be observed even on bulk samples.
In conclusion, the field-dependent critical current I c (H) and current-voltage characteristics I(E) are calculated for the first time within a generalized critical-state model that accounts for both edge barrier and bulk pinning in thin-film superconductors. The nontrivial-negativemagnetoresistance is predicted in type-II superconducting films for a low-field region. * * * We are grateful to Prof. J. Clem for his interest in this work and to Dr. D. Yu. Vodolazov for useful discussions. 
